Aluminium-based alloys have wide applications but little is known about the thermalchemical kinetics of nanoalloys. This work investigated the thermal oxidation of Zn and Al nanoalloys (nAlZn) with a BET equivalent diameter of 141 nm through the simultaneous TGA/DSC method. The thermal analysis was combined with elemental, morphology and crystalline structure analysis to elucidate the reaction mechanisms. It was found that the complete oxidation of nAlZn in air can be characterised by a three-stage process, including two endothermic and three exothermic reactions. With the help of ex-situ XRD, different reaction pathways were proposed for different stages, forming the end products of ZnO and ZnAl 2 O 4 . The reactivity comparison between Al and nAlZn suggested that different criteria should be used for different applications.
Introduction
Metallic particles such as aluminium and zinc have important applications in many industries, and alloying is usually used at the bulk scale to improve the material performance. Due to the synergistic effects of the constituent alloying materials, the physicochemical properties of the alloys can be improved by chemical reordering and spatial redistribution of the atoms [1] . In addition, the alloying increases the surface area of the particles that increases the rate of reaction [2, 3] . Aluminium-zinc (AlZn) alloys are good materials for thermal spraying, soldering, and corrosion inhibitors [4, 5] , where careful control of the heating is required to either inhibit or to accelerate the oxidation process.
The oxidation mechanism of bulk metals has been well understood, which is diffusioncontrolled and the oxide film grows depending on the diffusion coefficients of the reacting species [6, 7] . At the nanoscale, however as the particle size becomes smaller or comparable to the mean free path of air molecules, some deviations from the conventional laws are expected. For instance, the oxidation process may change from the diffusion-controlled to the kinetically-controlled mode [8] . At the nanoscale, it also becomes possible to engineer different properties by controlling the particle structures and morphologies to suit different applications. The oxidation characteristics of individual components of AlZn alloy particles have been widely investigated in the past decade [8] [9] [10] . For aluminium nanoparticles, several theories including the diffusion oxidation mechanism (DOM) and melt dispersion mechanism (MDM) have been proposed. At low heating rates, the oxidation process could be described by a shrink-core model, which proceeded as four stages as the temperature increases, controlled by the distinctive phase transition of the oxide and the melting process [11] . The oxidation process of Zn particles under various environments has also been studied by a few authors. For instance, Aida et al. [10] and Delalu et al. [12] showed that the isothermal oxidation of Zn obeyed the parabolic growth law for micrometer-sized particles.
Zhou et al. [13] and Alivov et al. [14] observed that the heating temperature and duration did not change the oxidation process of Zn but influenced the final crystalline structure of ZnO.
At the nanoscale, Ma and Zachariah [15] reported two reaction regimes for Zn nanoparticles (50-100 nm), i.e., a slower reaction regime at lower temperatures and a faster oxidation regime occurring at higher temperatures. The oxidation process was suggested to be still diffusion-controlled that could be described by the shrink core model. The reactivity was observed to increase with the decrease of particle size, i.e. the oxidation onset temperature was 250 o C for 50 nm and ~300 o C for 100 nm particles.
Some studies have shown that aluminium nanoparticles (nAl) in combination with copper possessed some excellent properties with many potential applications in resistance welding electrodes, electrical connectors, and the metastable intermolecular composites (MICs) [16] [17] [18] [19] . It is expected that aluminium -zinc nanoalloys (nAlZn) could also possess some unique thermal-physical properties, which however has no published studies. Their properties in relation to the bulk behaviour and individual elements are still unclear. In this work, a detailed oxidation study of AlZn nanoalloy (nAlZn) was conducted in a simultaneous thermal analysis (TGA/DSC) under a heating rate range of 2 -30 K/min. The morphology and the crystalline structure of the nAlZn before and after oxidation were characterised with scanning electron microscope (SEM), transmission electron microscope (TEM), and X-ray diffraction (XRD). The oxidation mechanism of nAlZn was elucidated through the close linkage of the TGA/DSC study with the morphology, elemental and crystalline structure characterizations.
Experimental Procedure
The nanoalloy was fabricated by the electrical explosion of wires method (EEW) where the constitutional elements were twisted in wires. The aluminium content in the explosion products was adjusted by varying the wire diameter. The particles were produced in the Tomsk State University, Russia, and stored in vacuum-sealed packs. The details of the process were discussed in refs. [20] [21] [22] . The particles produced by this method typically have a wide range of size distribution (PSD) but with low level of contamination [23] . The gas adsorption method, Brunauer-Emmett-Teller (BET) method, was used to determine the surface area of the particles (Gemini VII 2390p Surface Area Analyser, Micromeritics Instruments Corp) by using nitrogen gas as the adsorbent . The sample was degassed using a kV. The samples were sputter-coated with gold to enhance their electrical conductivity. This type of coating was desired to prevent the specimen from charging the electron beam and to improve the signal-to-noise ratio. were cleaned with 10% HNO 3 solution after the completion of each set of experiment.
Particles were oxidized under the ambient conditions in dry air maintaining a flow rate of 23 ± 2 ml min -1 . The products were cooled in the atmosphere of nitrogen for ex-situ XRD and EM analysis. Parameters that may affect the TGA/DSC experimental results (i.e. reaction gas environment, crucible material and mass of the sample) were kept the same for each set of experimentations, similar to our previous studies [24] [25] [26] [27] .
The crystalline structure of the nAlZn before and after the heat treatment was examined with ex-situ XRD. The diffractograms were obtained using the conventional XRD with a Siemens (D5000) diffraction meter operated at 40 kV and 40 mA using CuKradiation (= 0.154187 nm). The diffraction patterns from 10-75 o 2 were recorded for the identification of end products of the experiments.
Results and discussions

Powder characterisation
The morphology of the nAlZn at various temperature conditions was evaluated with SEM.
The SEM image of the particles before the oxidation is presented in the Fig. 1(a) any other material were observed, which means that the sample was in the pure form. The BET surface area of the sample particle was determined as 7.73 m 2 /g. Assuming that all particles having smooth spherical shapes, the BET equivalent diameter d BET was calculated with the relationship A BET = 6/ ( *d BET ) [27] , where A BET is the specific area, is the density of the particles (taken as 5.5 g/cc) and d BET is the equivalent diameter of the particles.
The calculated equivalent diameter was 141 nm, which is in the range of TEM observation.
Thermal Chemical Characteristics
The samples were oxidised in the atmosphere of dry air by the simultaneous TGA/DSC system. The oxidation characteristics of n-AlZn were similar under all heating rates 
Stage one (RT-390 o C)
During this temperature range, two endothermic reactions were observed in the DSC curve.
The first peak was observed at 285 o C and the second peak was emerged at 382 o C. In this zone no weight gain was observed on the TGA curve. This suggests that both endothermic reactions were related to the physical changes occurring in the particles. It is believed that the first endothermic peak was related to the phase transition of the alloy and the second one was due to the eutectic melting, which are explained below.
It is known that Zn and Al metals do not make intermetallic compounds due to the weak interaction between their atoms, but Zn is soluble in Al [28] , which is also shown by the (1), (2) and (4) below:
The second stage was characterised with two interesting peaks, particularly the second one.
In order to interpret both peaks and their relationship with the physical state of Al, the sample was heated from room temperature to 700 o C in the environment of nitrogen under a heating rate of 10 K/min, Fig. 8 . It is interesting to note that the endothermic peak of the DSC in nitrogen environment coincided with the rise of the exothermic peak in the air. Consequently this showed that first peak happens when some part of the Al was in the solid state and Zn was in the liquid state. The second peak occurred after the melting of the remaining Al in the alloy. Due to the increased mobility of Al in its molten state, the reaction between Al, oxygen and ZnO was accelerated that ultimately forms ZnAl 2 O 4 , as shown in Fig. 7 (d) and (e). Due to this 'synergic reaction' the span of the reaction was increased and more heat was produced.
It is shown from the phase diagram, Fig. 5 , that all the alloy was transformed into a molten state at point (d), 660 o C. For nAlZn used in this work, the full melting was observed at 652 o C, which was due to the nano size effect of the particles. After attaining the 2 nd peak, the rate of the reaction decreased once again, and 8.2% weight was increased during this substep. 
Stage three (725
Effect of heating rate
The TGA and DSC profiles under the entire heating rate, from 2 to 30 K/min, are given in Fig. 10 . It shows clearly that the scenario described above is applicable to all the other heating rates. The whole oxidation process can be still described by a three-stage scenario but with slight change of the temperature boundaries for different stages. The key features of oxidation at different heating rates are summarized in Table 3 -5. Table 3 shows the characteristics of the endothermic reactions, such as the characteristic temperature and enthalpy change; Table 4 shows the mass changed during various oxidation steps, and Table   5 summarizes the exothermic reactions including the temperature and heat flow. As descrbied earlier, the endothermic peaks were due to the phase transition and the eutectic melting. The mass changed during the first oxidation zone was found to decrease slightly with the increase of the heating rate. For instance at heating rate of 2 K/min its value was 21.6 %, which decreased to 20.1% at 30 K/min. Contrary to that, the mass increased during the second oxidation zone was proportional to the heating rate, e.g., its value was 3.72% at the heating rate of 5 K/min and increased to 6.4% at 30 K/min. The total mass gained during the whole oxidation process decreased slightly with the increase of the heating rate. The mean value of the mass gained during the whole oxidation process was 28.7 ± 0.5 %. The enthalpy analysis of different stages of oxidation at different heating rates, Fig. 12, shows clearly that the energy produced during first and the second exothermic reactions (i.e, 2 nd and 3 rd stage) differed greatly from each other. For example, the heat produced during the first reaction was 4837 J/g at 10 K/min that constituted 88.5 % of the total energy produced.
On the other hand, its value for the second reaction was 630 J/g, which was only 11.5 % of the total energy produced. The total mass changed during the whole reaction was 26. The specific heat released (H ox /m, rel. units) analysis is taken as the ratio of the area under the DSC curve (thermal effect of oxidation) to the corresponding mass changed (on the TGA curve) [32] . This implies the relative thermal effect, i.e. the ability of energy release. Fig. 12 (b) shows the values of specific heat produced during the first, second stage of the exothermic and the whole oxidation process. The values were similar for all stages with a weak dependence on the heating rate.
Conventionally, the particle reactivity is described by its metal content, which is however not sufficient to quantify the reactivity for nanoparticles. Not only the metal content, the reactivity of nanoparticles depends upon also the particles size and distribution, the thickness and physicochemical characteristics of the passivation layers, and powder synthesis techniques. It is possible that the particles having similar metal content and/or similar diameters but behave differently in the oxidative environment. Four parameters, namely, the onset temperature (T on ), the temperature at which the maximum oxidation rate is achieved (T 01 ), the degree of oxidation (up to a certain temperature, and the specific heat release (H/m), have been proposed to compare the reactivity of different nanoparticles [32, 33] . Table 6 shows an example of the comparison between nAlZn and nAl with an average particle size of ~210 nm. As these values are insensitive to the heating rate, the numbers are averaged with a standard deviation reflecting the difference among the heating rates. Clearly nAl has a particle size ~1/3 larger than that of nAlZn, which has some disadvantages in the comparison. If neglecting the particle size effect for the time being, Table 6 shows that nAlZn is more reactive if considering the onset oxidation temperature, and the degree of oxidation at the end of the major, i.e, the first exothermic reaction. UP to 73.1% was converted for nAlZn at 730 o C, whereas only 43.5% is observed for nAl, which is related to the smaller oxidation temperature of the zinc. However the temperature to reach the maximum oxidation rate is higher, and the specific heat effect is slightly smaller for nAlZn, which implies that nAl is more reactive. It appears that different parameters should be used for different applications. For instance for applications considering the low temperature effect, the conversion ratio and onset temperature criterion should be used, whereas for applications focusing on the thermal effect, the relative specific heat effect should be used.
Conclusions
This paper studied the thermal oxidation of Zn and Al nanoalloys (nAlZn) having a BET equivalent diameter of 141 nm by the simultaneous TGA/DSC method. The thermal analysis was combined with elemental, morphology and crystalline structure analysis to elucidate the reaction mechanisms. It can be concluded that:
 The complete oxidation of nAlZn in air can be characterised by a three-stage scenario, including two endothermic and three exothermic processes. Fig. 7 (a-g) . XRD peak patterns of the nAlZn at various temperatures at the heating rate of 
(a) Relative units Note: Ton is the extrapolated onset temperature from TGA curve  is the degree of conversion (up to 730 o C) T 01 is the temperature at which the maximum rate of oxidation is achieved on TGA curve H/m is the specific heat effect
